A comparison of the concentration of the total suspended particulate (TSP) matter measured by the tapered element oscillating microbalance (TEOM) monitor and the isokinetic TSP samplers developed at the University of Illinois was carried out in several types of confinement livestock buildings. In a majority of the measurements done, the dust concentration measured by the TEOM monitor was lower than the University of Illinois at Urbana-Champaign (UIUC) isokinetic TSP sampler; the TEOM monitor tended to underestimate the total dust concentration by as much as 54%. The difference in measurements can be attributed to the sampling efficiency of the TEOM monitor sampling head and the loss of some semivolatile compounds and particle-bound water because of heating of the TEOM monitor sampling stream to 50 °C. Although several articles in the literature supported the latter argument, this study did not investigate the effect of heating the sampling stream or the effect of moisture on the relative difference in dust concentration measurements. The model that best describes the relationship between the two methods was site specific, that is, the linear regression model was applicable only to four of the sites monitored. The measured total dust concentration in livestock buildings range from ∼300 to 4000 μg/m3; a higher correlation coefficient between TEOM-TSP and UIUC-TSP monitors was obtained in swine facilities than those obtained in a laying facility. 
done, the dust concentration measured by the TEOM monitor was lower than UIUC isokinetic TSP sampler; TEOM monitor tend to underestimate the total dust concentration by as much as 54 percent. The difference in measurements can be attributed to the sampling efficiency of the TEOM monitor sampling head and the loss of some semi-volatile compounds and particle-bound water due to heating of the TEOM monitor sampling stream to 50°C. While several literatures supported the latter argument, this study did not investigate the effect of heating the sampling stream or the effect of moisture on the relative difference in dust concentration measurements.
The model that best describes the relationship between the two methods was site specific, i.e. linear regression model was applicable only to four of the sites monitored. The measured total dust concentration in livestock buildings range from about 300 to 4,000 µg/m 3 ; higher correlation coefficient between TEOM-TSP and UIUC-TSP monitors was obtained in swine facilities than those obtained in a laying facility.
IMPLICATIONS
The use of TEOM monitors in livestock building applications is gaining popularity due to need for continuous monitoring of particulate matter emission. Results of comparison between the TEOM monitor and the manual filter-based mass measurement method showed that TEOM monitor measurements were generally lower than those of the manual method by as much as 54%. Thus, although TEOM monitor can provide continuous real-time data, the manual method is still more reliable and accurate. This finding is significant because it implies that adjustments of operating parameters of TEOM monitor to obtain better agreement with the manual method are necessary before it can be used in livestock applications.
INTRODUCTION
Particulate matter measurement in confined animal facilities in many ways was more complicated than for a gaseous pollutant. In the United States, the Environmental Protection Agency (EPA) standards for determination of particulate emissions from stationary sources are designed for in-stack or duct sampling and require sampling at a location a number of duct diameters away from a known disturbance. Mechanically ventilated livestock buildings do not have stacks nor extended ducts downstream and upstream of the fans and have various designs; some buildings have ventilation fans installed on the sidewalls; others are tunnel ventilated in which the ventilation fans are located at one end of the building and the air enters the opposite end or at the sidewalls. EPA Method 5 1 requires isokinetic sampling conditions to ensure that a representative sample is extracted from the duct or stack; Method 1 requires that portions of the sample be extracted from a number of different locations in the duct cross-section and at each of these locations, isokinetic sampling is also required. The ambient temperature and relative humidity in all sampling sites during the sampling period varied greatly. The ambient temperature ranged from -25 to 27°C while the relative humidity ranged from 26 to 100%. The indoor and exhaust air condition, however, did not vary significantly among the sites. The indoor air temperature in swine buildings ranged from 17 to 29°C while the exhaust air temperature and relative humidity was from 10 to 30°C and from 32 to 80%, respectively. In the layering chicken barns, the indoor and exhaust air temperatures ranged from 21 and 29°C and from 17 to 25°C, respectively; the exhaust relative humidity was between 45 and 76%.
Description of the Measured Parameters
The concentration of the total suspended particulate matter (TSP) was monitored along with the building ventilation rate, indoor temperature, and exhaust air temperature and relative humidity. The building ventilation rate was monitored for emission rate calculation of gases and particulate matter, including TSP; the scope of discussion in this paper, however, is limited to the measured particulate concentration. Indoor and exhaust air temperatures were measured using and UIUC-TSP samplers operated side-by-side and simultaneously. The samplers that were used in each facility were the same for all sampling events. The TEOM TSP inlet is designed to sample a 100 μm diameter particle in still air and the suction velocity into the TSP is simply equal to the terminal velocity of a 100 μm diameter unit density sphere, which is 25 cm/s at 20°C. The UIUC-TSP sampler is designed for isokinetic sampling of TSP and had a near unity sampling efficiency for all particle sizes in the sampled air. 
Description of the Samplers
Tapered Element Oscillating Microbalance. TEOM monitor is a real-time device for mass concentration measurements of TSP, particulate matter less than 10 µm (PM10), and particulate matter less than 2.5 µm (PM2.5) by using the appropriate type of inlet. In this study, TEOM monitor 12 was fitted with a TSP sampling head operated at its design flow rate of 16.67 L/min.
The TSP inlet used in the TEOM monitor was not designed for isokinetic sampling in ambient air, rather it was designed to be able to sample 100 μm particles in still air and the suction velocity is simply equal to the terminal velocity of a 100 μm diameter unit density sphere, which is 25 cm/s at standard atmospheric conditions. The TEOM-TSP consists of the inlet, and sensor and control units (figure 1). Particle-laden gas streams enter the inlet and are continuously drawn through a filter mounted on the tip of an oscillating tapered element. 12 The tapered element is a hollow cantilever beam, with one end free to vibrate and the other end (wider) end fixed. The collection of particles by the filter changes the natural frequency of oscillation.
Equation 1 describes the basis for mass concentration measurement by the TEOM. 13 As the mass of particles deposited on the filter, ∆m, increases, the change between the frequencies after (fa) and before (fb) sample collection decreases -the change in aerosol mass on the filter is determined by measuring only this change in frequency; Ko is a constant unique to a tapered element. A microprocessor converts the oscillation frequency to mass and then to mass concentration every two seconds.
The flow rate through the analyzer is controlled using thermal mass flow controllers; air at 16.67 L/min is divided between the filter flow (3 L/min) and the auxiliary flow (13.67 L/min).
The sampling stream is heated at 50°C to avoid changes in the microbalance response due to temperature fluctuations as well as to prevent water vapor condensation. Patashnick and Rupprecht 11 provided other detailed information on TEOM monitor.
TEOM-TSP was located upstream of and at least 0.5 m away from the primary exhaust fan to minimize any disturbance with the airflow going into its inlet; the prevailing velocity in its location was less than 2 m/sec. It was operated simultaneously with the UIUC -TSP system, whenever possible, and data was collected every 60 sec throughout the sampling period.
UIUC -Total Suspended Particulate
Sampler. The UIUC-TSP system consisted of an isokinetic sampling head attached to a 37-mm open-faced filter holder, a critical venturi, and a sampling pump ( Figure 2 ). The sampling head was replaceable, i.e. different size of sampling heads can be used depending on the prevailing airflow velocity in the area; a sampling head with an entrance diameter of 14.6 mm for a 2 m/sec sampling velocity was used. The nozzle was stainless steel with a 15° tapered edge and a cone angle of 6°; these meet EPA's nozzle design specifications in Method 201A 1 . The rear of the sampling head was designed to fit into a 37-mm plastic filter holder. The critical venturi downstream of the filter controls the flow rate through the sampling head at a constant rate of 0.02 m 3 /min as long as the upstream pressure is maintained above the critical pressure of 10 kPa. 14 Three sets of sampling head assemblies were connected to a sampling pump allowing dust concentration to be measured at three locations across the cross section of the exhaust fan; one nozzle was located in the middle section of the fan cross section and the other two were positioned near the top and bottom outer edges of the fan. Details of the design were available in McClure et al. 2 Isokinetic sampling is achieved by positioning the nozzles upstream of the primary exhaust fan facing the airflow at locations with an average airflow velocity of 2 m/sec ±10%.
The particles were collected on the glass fiber filter mounted on the open-faced filter holder. The filters were equilibrated in constant humidity chambers before and after sampling for at least 24 hours, and weighed using a balance with a resolution of 0.01 mg. Sampling duration in each TSP measurement was flexible, varying from 21 to 123 hr, depending on the conditions inside the barn.
Data Analysis
Calculation of Particle Concentration. For UIUC-TSP, the amount of dust collected on the filter was the difference between the weight of the loaded filter and its clean weight before sampling;
particle concentration is the mass of dust collected divided by the volume of sampled air. To take into account the potential dust loading bias due to possible leakage in the filter holder, field blanks (filters enclosed in filter holders that were exposed to all aspects of sampling except collection) were used in some of the test runs; the amount of dust collected on these blanks was negligible (<2% of the collected mass) and was not used in the analysis. The average particle concentration measured from the three sampling locations across the duct cross section was calculated and compared with the particle concentration measured by the TEOM-TSP monitor.
The recorded particle concentration by the TEOM-TSP monitor was averaged over the sampling period approximately matching the sampling period of the UIUC-TSP sampler to allow direct comparison of the two methods of measurements.
Statistical Analysis. The average concentrations for the TEOM-TSP monitor were calculated as the arithmetic mean of the 60 sec readings over the sampling period; the average particle concentration for the UIUC-TSP was the arithmetic mean of the measurements from the three samplers that were used simultaneously. The standard deviation of the measured concentrations were also calculated -for TEOM-TSP, it was the variation among the measured 60-sec readings while for UIUC-TSP, it was calculated from the three measured concentrations. The relationship between TEOM-TSP and UIUC-TSP samplers was investigated by linear regression analysis using SAS for Windows v8.02.
RESULTS AND DISCUSSIONS
The average hourly data collected from TEOM-TSP monitor was used to determine the hourly and day-to-day variation in dust concentration. (table 1) ; measured field blanks range from 0 to about 2 % of the total dust collected during sampling.
None of the reported average dust concentrations for both samplers exceeded 2.4 mg/m 3 , which was the suggested threshold exposure limit for total dust concentration in swine buildings. 15 However, in all sixteen measurements, UIUC-TSP sampler recorded higher mass concentration than TEOM-TSP monitor. The calculated TEOM-TSP /UIUC-TSP ratio ranges from 0.52 to 0.89, corresponding to dust concentration percent difference of 11 to 48 %. site, a quarter of dust concentration measurements using the TEOM-TSP monitor were higher than those of UIUC-TSP measurements, while about half of the measurements using TEOM-TSP monitor was at most 6 % lower than those of UIUC-TSP measurements. These results suggest that the variability of the difference in the measured dust concentrations using TEOM-TSP and UIUC-TSP samplers differs from one site to another.
Recorded differences between the TEOM monitor and other gravimetric monitors are well documented in ambient air sampling applications; these work, however, were limited to comparisons of specific size fractions. These include the work of Ayers et al. 4 who compared PM2.5 aerosol loading by a Rupprecht and Patashnick TEOM monitor series 1400 and two manual gravimetric samplers in measurements done in Australian cities. They found that TEOM monitor systematically revealed lower results than the gravimetric samplers by an average of more than 30%. The lower results were attributed to volatilization of semi-volatile aerosol components due to heating of TEOM monitor sampling stream.
In another study, Price et al. 6 
compared PM10 measured with Rupprecht and Patashnick
TEOM monitor series 1400 with European Union (EU) reference gravimetric method. Results
showed that the two samplers correlate well at low values of PM10 but as the dust concentration increases, the gravimetric method recorded higher concentration than TEOM monitor. After comparing the results of TEOM monitor operated at 50°C, and TEOM monitor fitted with a drier and operated at a lower temperature, they concluded that the retention of particle bound water by the EU reference method might have caused the observed differences.
In this study, however, the difference in the concentration measurements by the UIUC-TSP and TEOM-TSP can be attributed, in large part, to the anisokinetic sampling condition for TEOM-TSP. Since the suction velocity of the TEOM-TSP matches the settling velocity of 100 µm particles, which is 25 cm/sec, and the prevailing air velocity around the TEOM-TSP inlet was higher than the suction velocity, majority of the mass collected by the TEOM-TSP consisted of small particles since large particles were lost outside the sampler. Further discussion on the effect of anisokinetic sampling conditions on TEOM-TSP performance is presented in the next section. Future studies on the measurement of size distribution of particles emitted from confined animal buildings and side-by-side sampling of TSP and PM10 using TEOM monitors are being planned; results from these studies may provide quantitative measure of the amount of large particles lost during anisokinetic sampling using TEOM monitor. Figure 5 shows the combined measured dust concentration from all five sites; it can be seen from the graph that despite the scatter of data at higher concentrations, the model that best describes the relationship between TEOM-TSP and UIUC-TSP samplers for the measurements done in four sites is linear, with the data in Illinois showing the highest correlation while data from Indiana had the lowest correlation (table 3) ; for Iowa, linear regression may not be applicable despite a correlation coefficient of 0.72 due to apparent lack of correlation in the lower dust concentration range (< 1200 µg/m 3 ). Table 3 Therefore, dust concentration measurements using TEOM-TSP and UIUC-TSP samplers were not equivalent for all sites
Analysis of the Effect of Anisokinetic Sampling on TEOM Performance
The major factors contributing to particle loss during sampling are the anisokinetic sampling conditions, and gravitational and inertial forces. Inertial losses may occur when the particles travel through a curve in the sampling tube while gravitational losses may happen when the particles travel through the horizontal sections of the sampling tubing. Inertial and gravitational losses can be neglected since the sampling line of the TEOM-TSP was straight, short, and vertical. Therefore, particle loss can be largely attributed to anisokinetic sampling.
Isokinetic sampling condition is achieved when the sampling probe is aligned parallel with the free gas stream (isoaxial) and the free gas stream velocity Uo is equal to the gas velocity entering the tube U (Figure 6a) . In isokinetic sampling, the gas streamline flows directly into the nozzle without any deviation, thus, there is no particle loss at the inlet regardless of particle size or inertia. However, there could be gravitational settling losses between the inlet and the filter and there could also be losses due to free-stream turbulence in the inlet in which the lateral motion of the particles (due to turbulence) caused them to impact the internal wall of the inlet.
Isokinetic sampling, therefore, does not ensure particle sampling sans losses; it does, however, ensure that the concentration and the size distribution of the particles entering the tube are the same as those in the flowing gas stream. When sampling is anisokinetic, the concentration and size distribution of particles are misrepresented and the sampler may over-sample or undersample large particles. Figures 6b and 6c show the nozzles sampling isoaxially under superisokinetic and sub-isokinetic sampling conditions, respectively. In super-isokinetic sampling, the velocity in the nozzle inlet is higher than the gas stream velocity. In this condition, the gas streamlines converge into the nozzle; particles with sufficient inertia that are originally in the sampled air cannot follow the converging streamlines and are lost outside the sampler. The aspiration efficiency or the ratio of the particle concentration at the entrance of the sampler (C) and the particle concentration in the gas stream (Co) is less than 1 and sampling under this condition underestimates the true concentration of the particles in the air. When the gas velocity of the gas stream exceeds that of the nozzle inlet velocity, the sampling condition is subisokinetic and the gas streamlines diverge at the nozzle inlet. Consequently, particles with sufficient inertia that are outside the sampled air are aspirated by the sampling nozzle. In this case the aspiration efficiency is greater than 1 and it results in overestimation of particle concentration.
For properly aligned sampling inlets, the maximum error 16, 17 during anisokinetic sampling is
and
where Stk is the Stokes inlet number and is defined by eq 4; ρo and da are the density and diameter of the particle, respectively; Cc is the slip correction factor; η is the air viscosity; and Ds is the nozzle diameter. 
